Long-term effects of migalastat therapy in clinical practice are currently unknown. We evaluated migalastat efficacy and biomarker changes in a prospective, single-center study on 14 patients with Fabry disease (55 ± 14 years; 11 men). After 1 year of open-label migalastat therapy, patients showed significant changes in alpha-galactosidase-A activity (0.06-0.2 nmol/minute/mg protein; P = 0.001), left ventricular myocardial mass index (137-130 g/m 2 ; P = 0.037), and serum creatinine (0.94-1.0 mg/dL; P = 0.021), accounting for deterioration in estimated glomerular filtration rate (87-78 mL/minute/1.73 m 2 ; P = 0.012). The enzymatic increase correlated with myocardial mass reduction (r = −0.546; P = 0.044) but not with renal function (r = −0.086; P = 0.770). Plasma globotriaosylsphingosine was reduced in therapy-naive patients (10.9-6.0 ng/mL; P = 0.021) and stable (9.6-12.1 ng/mL; P = 0.607) in patients switched from prior enzyme-replacement therapy. These first real-world data show that migalastat substantially increases alpha-galactosidase-A activity, stabilizes related serum biomarkers, and improves cardiac integrity in male and female patients with amenable Fabry disease mutations.
Fabry disease (FD) is an X-linked lysosomal storage disorder with multiple organ involvement. A deficiency in the enzyme alphagalactosidase (α-Gal) results in intracellular accumulation of glycosphingolipids. 1, 2 Progressive fibrosis in various organs causes neurological dysfunction, myocardial hypertrophy, progressive heart failure, and loss of renal function. Ultimately, patients with FD require dialysis and organ transplantation, and it often results in premature death. 3, 4 In 2001, enzyme replacement therapy (ERT) was developed for treating this genetic disease. Long-term data have shown positive effects on disease progression. 5, 6 However, ERT has several drawbacks; for example, it requires intravenous application and inhibitory antibodies develop in some patients, which leads to a poor outcome. 7 In 2016, a new therapeutic approach, represented by the chaperone, migalastat, was first approved in Germany, and many European countries rapidly followed suit. Migalastat binds to the active site and stabilizes α-Gal, which improves substrate catabolism. [8] [9] [10] [11] Unfortunately, because migalastat stabilizes the patients' endogenous α-Gal, it is not advised for patients with mutations that cause complex enzyme alterations; therefore, migalastat therapy is only feasible for selected patients. The percentage of patients with "amenable mutations" was reported to be between 45% and 60%; however, in a previous study, we found that only 37% of patients in our cohort had amenable mutations. 12, 13 Migalastat is administered orally every other day (123 mg). To date, no specific adverse reactions, such as possible antibody formation, 14 have been described. Subsequent improvements in quality of life are undetermined because we lack experience regarding long-term effects in clinical practice. Therefore, precise clinical evaluations of migalastat therapy are required. Our center supervises a large cohort of patients with FD. Here, we described the first prospective, single-center study in which patients with FD were evaluated after 1 year of therapy with migalastat.
RESULTS

Baseline characteristics
The patient cohort had a mean age of 51.7 ± 14.9 years. Patient characteristics are shown in Tables 1 and 2 . A majority of the cohort was male (13/21; 62%), and 29% (6/21) received ERT before switching to migalastat. A nonclassic (late-onset) mutation was found in 52.4% of patients (11/21; 10 with N215S and 1 with A143T). Fabry-specific laboratory markers in the 21 patients showed a median enzyme activity of 0.06 (interquartile range (IQR) 0.05-0.24) nmol/minute/mg protein and a median globotriaosylsphingosine (lyso-Gb3) level of 9.0 ng/mL (IQR 4.3-14.8) at baseline. Renal function was in the physiological range; the median creatinine level was 0.9 mg/dL, and the median glomerular filtration rate (GFR) was 85 mL/minute/1.73 m 2 . Cardiac biomarkers were elevated; the median highly sensitive troponin (hs-troponin) T level was 19.8 pg/mL (cutoff value 14 pg/mL) 15 , and the median N-terminal pro-brain natriuretic peptide (NT-ProBNP) level was 365 pg/mL (cutoff value 125 pg/ mL). 16 The subgroup that received ERT before migalastat initiation (switch group) exhibited higher median values of myocardial mass, troponin, and NT-ProBNP, compared with the therapy-naive subgroup (127 g/m 2 , 48.1 pg/mL, and 622.5 pg/ mL vs. 117 g/m 2 , 16.7 pg/mL, and 365 pg/mL, respectively). The switch group also had better renal function compared with the therapy-naive group (95.5 vs. 78 mL/minute/1.73 m 2 ). The 1-year follow-up was completed by 14 patients, and the mean observation period was 14.1 months.
Enzyme activity and Lyso-Gb3
The α-Gal A activity significantly increased (Table 3 ) from a median of 0.06 (IQR 0.04-0.12) to 0.2 (IQR 0.06-0.26) nmol/minute/mg protein in the 14 patients who completed the 1-year follow-up (P = 0.001). The 11 male patients with completed 1-year follow-up showed severely abnormal enzyme activities at 0.05 (IQR 0.03-0.06) nmol/minute/mg protein.
The three women in our collective had much higher α-Gal A activity with a median of 0.16 (IQR 0.10-0.49) nmol/minute/ mg protein. We observed similar increases in all subgroups; the "N215S" and "therapy-naive" subgroups demonstrated the same activity change (n = 8; P = 0.017 and 0.021), and the "previous ERT" group showed a slightly lower increase, from 0.06 (IQR 0.03-0.16) to 0.14 (IQR 0.06-0.25) nmol/minute/mg protein (n = 6; P = 0.016). Lyso-Gb3 values showed a decreasing trend; median values declined from 10.4 (IQR 6.5-13.8) ng/mL to 6.1 (IQR 4.0-14.7) ng/mL (P = 0.319) in the total patient cohort at the 1-year follow-up (n = 14). A significant reduction was observed in the therapy-naive subgroup, from 10.9 (IQR 7.0-15.7) ng/mL to 6.0 (IQR 4.0-8.1) ng/mL (P = 0.021, n = 8). Figures 1 and 2 show the development over time of enzyme activity and lyso-Gb3 levels, respectively, in individual patients.
Cardiac variables
Myocardial mass significantly dropped in the total group (Table 3) , with a reduction from 137 (IQR 86-159) to 130 (IQR 82-169) g/m 2 (P = 0.012). A trend for decreased myocardial mass was also observed in all three subgroups, with differences of 0.5, 24, and 21 g/m 2 . The 1-year values of the cardiac laboratory parameters, hs-troponin, and NT-ProBNP remained stable compared with initial values, in the total group and all subgroups. Interestingly, the 3-6 month follow-up showed a significant reduction in cardiac laboratory values ( Table 3 ). Figure 3 shows individual data of the myocardial mass index development in all patients.
Renal function
The creatinine and GFR levels changed significantly in the total group and the therapy-naive subgroup ( Table 3) . 
Correlations with enzyme activity
We found a negative correlation between α-Gal activity and myocardial mass index at 1 year (r = −0.546, P = 0.044; Table 4 ). The linear regression showed that α-Gal activity significantly influenced myocardial mass (P = 0.046). No other significant correlations were found.
DISCUSSION
Migalastat has a novel mechanism of action for the treatment of FD. Its intracellular distribution was shown to be beneficial, 17 and it substantially improved quality of life compared to ERT due to its oral route of administration. 18 Nevertheless, because migalastat therapy was first approved in mid-2016, we lack longterm experience regarding its effects and outcome. Moreover, although migalastat is only effective for patients with amenable mutations, 19 it is currently unclear whether all mutations currently categorized as amenable do, in fact, show a positive response to chaperone therapy. Patients that display a ≥ 1.2-fold increase in endogenous enzyme activity are deemed amenable to therapy. 13 However, to date, no study has validated the level of enzyme activity in patients over time. The present study was the first to provide comprehensive evidence of actual enzyme activity and biomarker responses in patients with FD treated with migalastat in a daily clinical routine. Values represent the mean ± SD, the number (%), or the median (interquartile range). GFR CKD-EPI, glomerular filtration rate calculated with the chronic kidney disease-epidemiology equation; Hs-Troponin T, highly sensitive troponin T; Lyso-Gb3, plasma globotriaosylsphingosine; NT-ProBNP, N-terminal pro-brain natriuretic peptide. Fabry-specific biomarkers
Our findings were consistent with previous studies, which showed that patients with classic FD displayed highly reduced α-Gal A activity and elevated lyso-Gb3 levels. 20 Our 1-year follow-up results confirmed that the significant increase in α-Gal activity persisted in both male and female patients. The effect was significant especially in the male patient group because of the highly reduced baseline α-Gal A activity. Nevertheless, despite some fluctuations, after 12 months of therapy, every patient displayed increased enzyme activity compared to baseline (Figure 1) . However, that persistence was not consistently observed in lyso-Gb3-the most important, largely specific biomarker currently used in clinical practice. This finding might reflect some exogenous factors known to impact lyso-Gb3 values, which might lead to transient alterations in some individuals. 21 However, it remains unclear why patient #5 displayed a substantial increase in lyso-Gb3 after treatment. Of note, although lyso-Gb3 levels typically decrease after initiating ERT, 22 we observed similar median values in therapy-naive patients and patients who had switched from ERT.
The general trend of a decline we observed in lyso-Gb3 levels was consistent with recent findings from the migalastat phase III ATTRACT study. 11, 23 In our study, lyso-Gb3 levels significantly declined, followed by stabilization, but one patient who had switched from ERT to migalastat showed a rapid increase in lyso-Gb3 from baseline (12.4-66.1 ng/mL at the second follow-up). This subject had started ERT as a child, and before initiating ERT, lyso-Gb3 was ~ 200 ng/mL. This finding suggests that migalastat cannot stabilize important biomarkers in all patients; the clinical impact of this result needs to be studied further. Figure 2 shows the overall changes in serum lyso-Gb3 in all patients over 1 year. The therapynaive subgroup displayed reductions in lyso-Gb3 in all eight patients. However, none of the therapy-naive patients showed lyso-Gb3 values as high as typically observed in classical male patients with FD. 24 Consequently, absolute lyso-Gb3 reduction is lower and clinical relevance of this finding is not yet fully resolved. 
Cardiac biomarkers and myocardial mass index
It remains unclear whether ERT improves cardiac function. Although myocardial hypertrophy might decrease in some patients, 25 analyses of cardiac outcomes in a large cohort after 10 years therapy with ERT revealed no significant decline in myocardial mass. 26 In contrast, consistent with prior results from randomized trials, our data showed a significant reduction in the myocardial mass index after initiating migalastat therapy. Currently, the mechanism of action remains unclear, and we lack a morphological correlate. Although significant, a reduction of 7 g/m 2 is only a minor reduction, which might also be in the range of the echocardiographic measurement error. Furthermore, it should be considered that increasing fibrosis can lead to a thinning of the myocardium and, thus, to a myocardial mass reduction as well. This currently degrades the actual clinical relevance of the value that should be solved by additional examinations in a higher number of patients (including cardiac magnetic resonance imaging and other advanced techniques), which is planned for the medium-term future. This will allow confirmation of the actual trend of myocardial mass reduction and can increase our understanding of our current clinical findings. 27 In the past, both hs-troponin T and NT-ProBNP have been described as useful clinical markers for predicting cardiac involvement in patients with FD. 28, 29 ERT did not lead to substantial changes in either of these biomarkers. Despite favorable findings regarding myocardial hypertrophy, we found no significant changes in these biomarkers with migalastat therapy, either in the total study group or in any of the subgroups. The temporal reductions we observed in both hs-troponin T and NT-ProBNP at the first follow-up require further evaluation, with longer follow-up periods. Moreover, more patients might be needed to validate potential positive cardiac effects in terms of biomarker responses.
Renal biomarkers
In the current study, we used creatinine measurements to calculate the estimated GFR over time. It is known that GFR constantly declines in patients with FD. 30 Mehta et al. 31 observed a mean yearly decline of 2.46−3.58 mL/minute/1.73 m 2 with ERT. Compared with those findings, and other studies that described first experiences with migalastat, 11, 23 we detected an overall greater reduction in renal function (−9 mL/minute/1.73 m 2 ) in the total cohort after 1 year of migalastat therapy. However, in our study seven patients displayed a baseline estimated GFR > 80 mL/minute/1.73 m 2 in which the precision of GFR values remains suboptimal. 32 Previous studies have shown that renal stabilization requires longer than 1 year, and GFR can decline in a highly heterogeneous manner. 33 In addition, a blockade of the renin-angiotensin system influences GFR reductions, 34 and part of our cohort started migalastat and angiotensinconverting enzyme inhibition simultaneously. Therefore, to evaluate renal function properly, further follow-up examinations must be conducted to evaluate the mean yearly GFR loss over longer periods. In the future, a potential approach for increasing therapy efficacy might be to combine migalastat treatment with ERT.
Vitamin D deficiency is associated with cardiomyopathy, and it is a typical clinical symptom in patients with FD. 35, 36 Moreover, this deficiency might have been enhanced due to gastrointestinal disturbances, minimum exposure to sun, and osteopenia. Interestingly, with migalastat therapy, we observed a trend in increasing vitamin D levels, but it did not reach statistical significance. This lack of significance might have been primarily due to the small number of patients. Furthermore, more reliable results would require a longer follow-up due to seasonal concentration changes in the human body. 37 Correlation between enzyme activity and organ involvement
Residual enzyme activity can vary widely in FD, depending on the mutation and patient's sex. 4 ,38-42 However, Fabry-specific therapy could not achieve significant changes in residual enzyme activity for longer than several hours. Therefore, it remains unknown whether residual enzyme activity was directly related to improvements in involved organs. In the current study, we found that the reduction in myocardial hypertrophy improved with increasing enzyme activity, based on the negative correlation found between α-Gal activity and the myocardial mass index (r = −0.546; P = 0.044). With a coefficient of determination of 0.298, nearly 30% of the change could be explained with this statistical model. Moreover, the linear regression analysis showed that enzyme activity had a significant impact on myocardial mass (P = 0.046); indeed, 23.3% of the values could be explained with this regression model.
Study limitations
The main limitations of this study are that it was conducted at a single center, the cohort only comprised 14 patients, and only two follow-up analyses were conducted after the initiation of migalastat therapy. These factors limit the statistical power of our analyses, which must be considered when judging the validity of all statistical analyses. Therefore, the present findings should be confirmed in the future with multicenter studies that use longer observation periods.
METHODS
Study population
This investigation was performed as part of the prospective HEAL-FABRY study ("Evaluation of HEArt invoLvement in Patients with FABRY Disease," NCT03362164). That study is conducted to estimate the risks and predictors of heart failure, cardiac arrhythmias, and sudden cardiac death in patients with FD. All study participants presented at the Fabry Center for Interdisciplinary Therapy, Würzburg, with confirmed FD and an indication for Fabry-specific therapy. Patients who initiated migalastat therapy were eligible for the present study. In total, we included 21 patients between July 2016 and July 2018. Patients were either treatment-naive (n = 15) or they had switched from a prior ERT regime to prevent further intravenous administration (n = 6). Two patients were switched because of disease progression despite regular ERT. Before switching to migalastat one patient received agalsidase alfa and five patients received agalsidase beta. Every patient was examined according to the standard operating procedures established at our center. For this study, we collected data on the physical examination, comprehensive organ-specific investigations, demographics, medical records, and laboratory values. Therapy initiation was considered baseline, and follow-up investigations were planned for 3-6 months (follow-up one) and 12 months (follow-up two) after baseline and then once per year. We defined three subgroups: all patients with previous ERT, patients without any Fabry-specific therapy, and all patients with the mutation N215S.
The study was conducted in accordance with the Declaration of Helsinki. It was approved by the local Ethics Committee at the University of Würzburg. Written informed consent was obtained from all patients.
Diagnosis of Fabry's disease All subjects had a confirmed FD diagnosis via genetic testing. Mutations were classified as "classic" or "nonclassic" (also called "late-onset," with N215S and A143T mutations) based on current knowledge and an expert evaluation. 4, 43 The leading indication for initiation of Fabry-specific therapy in all patients with the N215S mutation was cardiac involvement. The patient with A143T presented with small fiber neuropathic pain and multiple cerebellar infarctions proven by cranial magnetic resonance imaging.
Laboratory data
Two Fabry-specific serum parameters, α-Gal enzyme activity in leucocytes (nmol/minute/mg protein) and plasma lyso-Gb3 (ng/mL) were determined at each time point. Reference values were between 0.4 and 1.0 nmol/minute/mg protein for enzyme activity (reported variance ≤ 5% at triple measurement per sample) and below 0.9 ng/mL for lyso-Gb3 levels. Renal function was evaluated by measuring creatinine (mg/dL) levels and estimated GFRs (mL/minute/1.73 m 2 ; calculated with the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation). Cardiac serum biomarkers included highly sensitive troponin T (hstroponin T, pg/mL) 29 and NT-ProBNP (pg/mL). Due to known alterations in patients with FD, we also investigated vitamin D (μg/L) over time in all patients who did not receive supplementary vitamin D.
35 Table 4 Correlations between biomarker levels and α-galactosidase activity ERT, enzyme replacement therapy; GFR CKD-EPI, glomerular filtration rate, calculated with the chronic kidney disease-epidemiology equation; hs-Troponin T, highly sensitive troponin T; Lyso-Gb3, plasma globotriaosylsphingosine; NT-ProBNP, N-terminal pro-brain natriuretic peptide.
Echocardiography
Echocardiographic examinations were performed with a Vivid 7/9e (GE Vingmed, Horten, Norway) at baseline and at each follow-up. Cardiac analyses were performed with a standardized protocol oriented toward guidelines and special on-site experience. Analyses and classification of myocardial hypertrophy were conducted offline by a single experienced investigator with EchoPAC and TomTech. 
CONCLUSION
Migalastat therapy led to a rapid, persistent increase in α-Gal A activity in male and female patients with FD that carried amenable mutations. Over a follow-up period of 12 months, higher enzyme activity was associated with a trend in reduced lyso-Gb3 levels and a significant reduction in cardiac hypertrophy. The cardiac serum biomarkers, hs-troponin and NT-ProBNP, remained stable during the observation period. Renal function decreased after 1 year of migalastat therapy and in some cases lyso-Gb3 increased after switching to migalastat therapy. Clinical impact of these observations is yet unclear. Future studies with larger patient numbers are required to confirm and further clarify these findings.
